Abstract.-The amplified fragment length polymorphism (AFLP) technique is being increasingly used in phylogenetic studies, especially in groups of rapidly radiating taxa. One of the key issues in the phylogenetic suitability of this technique is whether the DNA fragments generated via the AFLP method are homologous within and among the taxa being studied. We used a bioinformatics approach to assess homology based on both chromosomal location and sequence similarity of AFLP fragments. The AFLP technique was electronically simulated on genomes from eight organisms that represented a range of genome sizes. The results demonstrated that within a genome, the number of fragments is positively associated with genome size, and the degree of homology decreases with increasing numbers of fragments generated. The average homology of fragments was 89% for small genomes (<400 Mb) but decreased to 59% for large genomes (>2 Gb). Fragment homology for large genomes can be increased by excluding smaller fragments, although there is no clear upper limit for the size of fragments to exclude. A second approach is to increase the number of selective nucleotides in the final selective amplification step. For strains of the same organism, homology based on chromosome location and sequence similarity of fragments was 100%. Fragment homology for more distantly related taxa, however, decreased with greater time since divergence. We conclude that AFLP data are best suited for examining phylogeographic patterns within species and among very recently diverged species.
Since its introduction by Vos et al. (1995) , the amplified fragment length polymorphism (AFLP) technique has been used extensively in studies ranging from population genetics to phylogeography to phylogenetics (Mueller and Wolfenbarger, 1999; Bensch and Akesson, 2005) . Genomic DNA is first digested using two restriction endonucleases, typically one with a 6-bp recognition sequence (usually EcoRI) and one with a 4-bp recognition sequence (usually Msel) . Adapters of known sequence are then ligated to each end of the fragments and two successive rounds of selective PCR amplification are performed. The first round of PCR (preselective or -f-1 amplification) uses primers that match the adapters on the EcoRI end and Msel end of the fragments plus one extra nucleotide. The second round (selective or +3 amplification) has an additional two nucleotides added to the +1 primers sequences. These rounds of selective amplification reduce the resulting pool of DNA fragments to a size more manageable for analysis. Although the DNA fragments are anonymous, the method is remarkably reliable and consistent (Vos et al., 1995) . This technique is readily adapted to new taxa because no taxon-specific information is needed and AFLPs are suitable for use in both prokaryotic and eukaryotic organisms. Moreover, the technique surveys the entire genome, is relatively inexpensive, and generates many potential phylogenetic markers.
Although the AFLP technique offers many advantages for generating phylogenetic markers, the phylogenetic utility of the markers is limited by the assumption of size homology-identifying the homology of the fragments is not simple or commonly done (Bussell et al., 2005) . Homology, from a phylogenetic perspective, entails information about both the location of a fragment in the genome and the degree of sequence similarity of fragments of the same size. Because fragments are anonymous and sorted by size via electrophoresis, there is the potential for homoplasy of fragments at several levels. Within an individual, multiple fragments from different regions of the genome may comigrate. These fragments may or may not contain the same sequence. Comigrating fragments that have similar sequences may be orthologous copies of genes, paralogous copies, pseudogenes, or repeated sequences of unknown function. Furthermore, when making comparisons among taxa, fragments that are the same size may not necessarily come from the same locus in the respective genome or have the same sequence. This uncertainty in homology is a particularly important issue in phylogenetic studies-especially because use of the technique is rapidly expanding to examine species radiations that have been difficult to resolve based on other markers such as organellar and nuclear DNA sequences (e.g., Albertson et al., 1999; Giannasi et al., 2001; DesprSs et al., 2003; Brouat et al., 2004; Sullivan et al., 2004; Mendelson and Shaw, 2005) . Although studies have demonstrated that AFLPs can resolve phytogenies when other markers have failed, and that AFLP phylogenies corroborate morphology, many phylogeneticists, with good rationale, remain concerned about the homology of markers and their utility as phylogenetic characters.
A number of studies have begun to assess fragment homology via empirical and theoretical approaches (reviewed in Koopman and Gort, 2004; Bussell et al., 2005) . Empirical approaches have consisted of comparing fragment profiles from known crosses (Waugh et al., 1997) to extracting fragments from gels and sequencing them to assessing sequence similarity across individuals (Parsons and Shaw, 2001 sequence similarity by comparing the fragment profile from the final round of selective amplification (usually 3 selective nucleotides) to the profile from another round with additional selective nucleotides (such as 4 selective nucleotides). The results from these approaches have suggested that AFLPs are suitable for phylogenetic studies because sequence similarity has ranged from 95% to 100% in very closely related taxa. Empirical approaches, however, are labor intensive and only a small number of fragments has been examined. Furthermore, studies have shown that co-migration of fragments does occur (see Koopman and Gort, 2004; Mechanda et al., 2004) . Theoretical approaches have surveyed larger sets of markers by modeling the distribution of fragment lengths and generating probabilities of comigration and homoplasy. For example, Vekemans et al. (2002) used analytical theory, based on the work by Innan et al. (1999) , and numerical simulations to determine the distribution of fragments generated by AFLPs and the relationship between fragment size and homology. Based on Monte Carlo simulations and empirical results from two plant species, they found that homoplasy may be quite high and was likely to be even higher for shorter fragment sizes. Koopman and Gort (2004) compared theoretical predictions of fragment length distributions to empirical distributions generated from in silico AFLP for the Arabidopsis thaliana genome. Based on the degree of homoplasy detected from this comparison, they developed significance tests and weighting values as a means to correct for size homoplasy when calculating similarities based on band sharing.
Studies that have examined the homology of fragments have either used sequence similarity as a proxy for homology or have examined the number of bands that may be comigrating for a given size. In most cases, only one or a few organisms have been examined. Consequently, we still do not have a good understanding of the homology of fragments within single individuals, and the issue of homology of AFLP fragments across species remains unresolved. Furthermore, there has not been a comprehensive survey across taxa that differ in genome size to assess the influence of genome size on the degree of fragment homology.
In this study, we take a bioinformatics approach to assess the homology of fragments generated by the AFLP technique. Using a computer program that mimics the AFLP procedure, we examine fragment homology in whole genomes, including organellar, from eight species across the tree of life. We address the following questions: (1) What is the degree of positional and sequence homology of fragments generated from a single individual? (2) How does genome size influence the number of fragments produced and, subsequently, how does genome size influence fragment homology? (3) What is the degree of fragment homology between closely related strains of the same species and between species that have diverged within the last 7 million years? (4) Does the degree of homology change as a function of selective primer sequence?
METHODS

Species Surveyed
We limited the species chosen for analysis according to several criteria: completeness of genome sequencing, assignment of all sequences to chromosomal location, taxonomic breadth, and genome size. Although there are currently many genomes being sequenced, most of these are in the initial stages of assembly and remain incomplete, especially in terms of assigning all sequence data to chromosomal location. We assessed within-organism fragment homology by surveying species along a continuum from smaller to larger genomes. The genomes used were Bacillus anthracis strain A2012 from the NCBI Entrez Genome database, GenBank accession number AAAC01000001 (ca. 5.23 Mb); Saccharomyces cerevisiae RMll-la from the NCBI Entrez Genome database via the Broad Institute (ca. 12.07 Mb); Caenorhabditis elegans from the NCBI Entrez Genome database (ca. 97 Mb); Arabidopsis thaliana from the NCBI Entrez Genome database (119.2 Mb); Drosophila melanogaster from the NCBI Entrez Genome database (ca. 180 Mb); Oryza sativa variety japonica from the International Rice Genome Sequence Project Build 4.0 (ca. 389 Mb); Mus musculus Build 36 from the Mouse Genome Sequencing Consortium via the University of California genome browser (ca. 2.5 Gb); Homo sapiens Genome Build 36.1 from the International Human Genome Project sequencing centers via the University of California genome browser (ca. 2.9 Gb). The mouse and human genome are not 100% complete in terms of assigning all sequence data to chromosomal locations, but we included these genomes because they were much larger than the other genomes, and we were interested in whether the pattern of homology changed for very large genomes.
We also assessed the homology of fragments between organisms very closely related and more distantly related. We compared the homology of fragments between two strains of yeast, S. cerevisiae RMll-la and S. cerevisiae YJM789 (NCBI Entrez Genome database). This comparison would be analogous to a phylogeographic study among populations of the same species. We also compared fragment homology between three fruit fly species D. melanogaster, D. simulans (D. simulans White 501, Genome sequencing center at Washington University School of Medicine), and D. yakuba (NCBI Entrez Genome through Genome sequencing center at Washington University School of Medicine Build 2.1). These species have diverged 2 to 7 million of years ago (Russo et al., 1995) . We caution that the results may not completely reflect the pattern of homology because the D. simulans and D. yakuba genomes still contain unassigned sequence data. These three species, however, were the best possible candidates for comparisons among species.
Program Overview
We used a program written in Perl to first survey genomes for sequence fragments containing specific nucleotides on either end, and then to BLAST those sequences against one another to assess sequence similarity. Specifically, the program conducts two nested searches for strings of nucleotides specified by the researcher. The first search identifies all sequence fragments that contain nucleotide sequences for an EcoRI restriction site (GAATTC) on the 5' end and Msel restriction site (TTAA) on the 3' end, and vice versa. This search is analogous to the restriction digest in the AFLP technique. In the second search, the subset of fragments is reexamined for an additional three nucleotides adjacent to the 3' end of each enzyme recognition sequence. This search is analogous to the +3 selective amplification step in which the polymerase chain reaction technique is used to selectively amplify fragments that have an additional three nucleotides flanking the restriction site recognition sequences. We searched for the same three selective nucleotides (AAT) adjacent to the EcoRI recognition sequence and varied the selective nucleotides adjacent to the Msel recognition sequence. We used four sets of three selective nucleotides for the Msel recognition sequence-CAA, CAC, CAG, and CAT. By using different Msel-associated selective nucleotides, different groups of fragments are detected. For the comparison among the Drosophila species we used an additional set of Msel-associated selective nucleotides (TTA, TTC, TTG, TTT) to increase the sample size and power of our test of the number of homologous bands shared among the species.
The program sorts the sequence fragments based on length (bp). We only used fragments between 50 and 500 bp, and binned fragments by their length with a 1-bp resolution. This is the standard size range and resolution of AFLP fragments used in population genetic, phylogeographic, and phylogenetic studies. The program creates a set of folders based on the bin sizes found among the fragments and creates text files for each fragment detected. The text files contains a unique identifier and the DNA sequence. For example, there may be a set of folders titled 50, 150, and 250, and within these folders are text files with the DNA sequences of the fragments found. In some cases, there may be multiple fragments within a bin. The program then performs a BLAST search using BLAST 2.2.12 from NCBI to compare the sequence similarity at the 100% and 95% similarity levels for the fragments within each bin. In this way, we assessed the sequence similarity of fragments of the same length.
Analyses
For the within-organism analyses in which species had the genome packaged into chromosomes, we searched for fragments by chromosome. The resulting fragment profiles for each chromosome were then combined to give the organism-wide profile. The organism-wide profile represents the fragment profile that would be visualized via electrophoresis in the laboratory. In cases in which the same fragment size was found multiple times within or among more than one chromosome, we assessed the sequence similarity of the fragments. The between-organism analyses were also conducted on a chromosome-by-chromosome basis. For the comparison between yeast genomes, only a very small number of fragments were generated using three selective nucleotides. Therefore, we used only two selective nucleotides after each restriction enzyme rather than three in order to increase the number of fragments for the analyses.
Genomes were downloaded from the sources mentioned above and were converted to standard GenBank format. For the three Drosophila species, the genome data from NCBI are packaged into chromosome arms. We compared each arm separately across species and then checked the fragment pattern from the entire (both arms) chromosome to determine if fragments were homoplasious or homologous. We also ran an additional set of four +3 selective nucleotide primer pairs to increase the sample size and power of our test of the number of homologous bands shared among the Drosophila species. We used least squares regression to examine the relationship between genome size and the overall number of fragments produced and between the number of fragments produced and the number of homoplasious fragments both within and between chromosomes. We also conducted Wilcoxon tests to examine whether there were differences in the number of fragments produced by each of the selective nucleotide combinations. Statistical analyses were conducted using JMP 5.0.1.2 (SAS Institute, Cary, NC).
RESULTS
The organellar genomes for all of the species did not yield any fragments. The number of fragments produced was dependent on genome size (Table 1 ; Fig. la) . On average, larger genomes produced more fragments (Fig. la , y = 0.06* + 8.19; F U 6 = 545.18, P < 0.0001). There was no difference in the average number of fragments produced for each of the +3 selective nucleotides sets (Wilcoxon x 2 = 1-85, df = 3, P < 0.60). The number of homoplasious fragments both within and among chromosomes was a function of the number of fragments produced (Fig. lb, c) . Fragment homology decreased (homoplasy increased) with increasing fragment production both within chromosomes (y = 0.08* -0.61; FI 26 = 71.82, P < 0.0001) and among chromosomes {y= 0.37* -4.80; F 1#26 = 456.64, P < 0.0001). The nucleotide sequence of the Msel +3 selective nucleotides did not influence fragment homology within a chromosome (Wilcoxon x 2 = 0.72, df = 3, P = 0.87) or within an entire genome (Wilcoxon x 2 = 0.80, df= 3, P = 0.85). Fragments of smaller sizes were more likely to be homoplasious than larger fragments (Fig. Id) across all of the genomes sampled. This pattern was driven by the large number of fragments generated from the mouse and human genomes (431 out of the 454 homoplasious fragments from all genomes).
The comparison of homology between genomes yielded contrasting results ( 
DISCUSSION
Because of the anonymous nature of the fragments generated by the AFLP technique, there is concern over whether fragments shared among individuals are indeed homologous, especially as divergence time increases. This concern is particularly relevant for phylogenetic studies that rely on homologous characters to determine the evolutionary history of a group of taxa. The AFLP technique has increasingly been used to elucidate the evolutionary relationships among rapidly radiating taxa, resolving relationships that were equivocal based on one or several gene sequences and producing species phylogenies that are consistent with morphological and behavioral data (Albertson et al, 1999; Parsons and Shaw, 2001; Ogden and Thorpe, 2002; Despres et al., 2003; Sullivan et al., 2004; Althoff et al., 2006) . Many researchers, including the authors, have operated under the assumption that AFLP fragments are homologous or that only a very small percentage of the fragments are homoplasious. Moreover, another assumption is that the resulting phylogenetic signal from homologous fragments would overcome any weak signal from homoplasious markers. Koopman (2005) surveyed the phylogenetic signal present in AFLP datasets by comparing AFLP phylogenetic analyses to analyses of ITS sequence data in a wide range of taxa (plants, fungi, and bacteria). He found that ample phylogenetic signal is present within AFLP datasets and the phylogenetic results were largely consistent with those derived from sequence data.
Our results from using bioinformatics tools to perform in silico AFLP procedures on entire genomes demonstrated that fragment homology within individuals can be quite high, but is dependent on genome size. For the genomes under 400 Mb, on average 11% (range 0% to 18.65%) of the fragments comigrating were homoplasious. This result suggests that 89% of the fragments generated by the AFLP technique are homologous. For the mouse and human genomes that are over 2 Gb in size, however, fragment homology was considerably lower. On average, 41.5% (range 33% to 49%) of the fragments were homoplasious. This pattern is driven by the number of fragments produced per genome. The proportion of homologous fragments was negatively correlated with the number of AFLP fragments, and larger genomes produced more fragments. There are two potential ways to reduce homoplasy in these larger genomes. One is to exclude smaller sized fragments from analysis. Vekemans et al. (2002) demonstrated that smaller sized fragments are more likely to be homoplasious. Our results confirm this observation, although there was no clear cut off point for fragment size and a decrease in homoplasy (Fig. Id) . For example, eliminating fragments less than 125 bp from the genomes analyzed would help reduce the levels of homoplasy by approximately one third on average, but there are still markers greater than 125 bp that are homoplasious. A second way to (6) 12 (4) 44 ( reduce homoplasy is to use more stringent primers (such as four selective nucleotides). Indeed, a simulation using a four selective nucleotide primer pair (aatt and catt) on the mouse genome yielded 33 fragments, only one of which was homoplasious. There is a tradeoff in that the number of phylogenetic markers decreases with more selective conditions, but for large genomes this may be the only means of increasing marker homology.
The comparisons of fragment homology between closely related taxa suggested that homology and the phylogenetic usefulness of AFLPs will vary, depending on time since divergence. We used time since divergence as a proxy for whole-genome divergence, under the assumption that increasing time since divergence equates with an increase in whole genome divergence. Comparisons among baker's and brewer's yeast strains demonstrated complete homology of the AFLP fragments generated. If we assume that the evolutionary distance among the yeast strains approximates evolutionary distance among populations within a species, AFLP markers should be quite useful in determining phylogeographic patterns. We must highlight the caveat that the high homology of fragments for our comparison of yeast may be biased by the fact that yeast has a small genome. The comparison between D. melanogaster, D. simulans, and D. yakuba, however, indicates that there is an upper limit to fragment homology among diverged taxa. Drosophila melanogaster and D. yakuba are estimated to have diverged approximately 6 million years ago, and D. melanogaster and D. simulans about 2 million years ago (Russo et al., 1995) . The D. melanogaster-D. simulans genomes shared more bands (44) than either shared with D. yakuba (17 for melanogaster-yakuba and 14 for simulans-yakuba), and the proportion of homologous bands was also higher. Although more than 200 bands were generated for each species, only a small number of these were shared among all of them. This finding has two implications. First, many of the fragments will be unique to a taxon rather than shared among taxa. Second, only a very small proportion of the fragments will determine the relationships among taxa and a portion of these will be homoplasious. The results from this study fit well with the caution given by others that AFLPs should only be used to assess relationships of very closely related taxa (O'Hanlon and Peakall, 2000; Bussell et al., 2005; Koopman, 2005) . We also suggest that AFLPs should be used only in instances where DNA sequence data are insufficiently variable to resolve the phylogeny. For larger genomes (greater than 400Mb), fragment homology can be increased by discarding smaller fragments and using more stringent selective primers in the final selective amplification step.
The Future of AFLPs in Phylogenetics
The appeal of AFLPs for phylogenetics is that the technique generates large numbers of markers and surveys the entire genome rather than just a single gene or a small number of genes. The issue of fragment homology, however, is a major concern in using AFLPs in phylogenetic studies. The current study, combined with previous work, suggests that this issue is one that will not be resolved easily without considerable effort to compare homology for organisms with small and large genomes and at all hierarchical levels-from within individuals to between species within genera. The completion of ongoing genome sequencing projects of closely related species, especially Drosophila, will be extremely valuable in testing the homologous nature of AFLP markers as a function of time since divergence among taxa. The current results demonstrate that not all AFLP markers of a given length are homologous, and we suggest that researchers should approach the interpretation of phylogenetic trees with caution, especially without the added benefit of congruent relationships from other data such as morphology, behavior, or other molecular markers.
Another issue confronting the use of AFLPs in phylogenetics is the limited avenues of phylogenetic analysis. Currently, AFLPs are analyzed in predominately two ways-by using parsimony on the presence and absence of fragments or converting the AFLP fragment patterns into a distance measure and using minimum evolution or neighbor joining search algorithms to determine the best phylogenetic tree. Both approaches assume that fragments of the same size are homologous across all the taxa analyzed. Our results clearly demonstrate that this assumption is going to be violated for some taxonomic comparisons. An additional, and much more tenuous assumption that we have not tested here is that the absence of a fragment is homologous as well. Alternatively, converting the fragment patterns into a distance matrix assumes that genetic distance is a good measure of evolutionary divergence and evolutionary divergence translates into evolutionary history. The use of both parsimony and distance approaches have been a source of contention in phylogenetics and have led to the use of alternative analytical approaches. We are somewhat constrained in using likelihood and Bayesian phylogenetic approaches because there are currently very few models of evolution describing the pattern of marker gain and loss, and these models are based on restriction fragment patterns rather than the AFLP technique per se. For example, the F81 model for binary data is available for use in maximum likelihood analyses implemented in TreePuzzle (Schmidt et al., 2002) , and the RESTRICTION model that allows different rates of fragment gain and loss, and rate differences across markers is available in Bayesian methods implemented in MrBayes v3.1 (Ronquist and Huelsenbeck, 2003) . Models based on restriction site patterns represent a simplified picture of AFLP fragment evolution (Felsenstein, 2004) and to date there has been no empirical evaluation of their performance for AFLPs. Moreover, as the results demonstrated, genome size may be a critical factor in determining the homology of fragments, and their gain and loss. In addition, other issues such as marker nonindependence and clustering of markers based on G+C content need to be evaluated and incorporated into evolutionary models of AFLP markers. The continuing development of such models will advance the utility of AFLP markers in phylogenetic studies, although the current work indicates that homology assessment will continue to be an essential component of any study.
